
Light absorption by secondary organic aerosol from α-pinene:
Effects of oxidants, seed aerosol acidity, and relative humidity

Chen Song,1,2 Madhu Gyawali,3,4 Rahul A. Zaveri,1 John E. Shilling,1

and W. Patrick Arnott 3

Received 19 February 2013; revised 9 August 2013; accepted 16 August 2013; published 25 October 2013.

[1] It is well known that light absorption from dust and black carbon aerosols has a warming
effect on climate while light scattering from sulfate, nitrate, and sea salt aerosols has a cooling
effect. However, there are large uncertainties associated with light absorption and scattering
by different types of organic aerosols, especially in the near-UV and UV spectral regions. In
this paper, we present the results from a systematic laboratory study focused on measuring
light absorption by secondary organic aerosols (SOAs) generated from dark α-pinene +O3

and α-pinene +NOx+O3 systems in the presence of neutral and acidic sulfate seed aerosols.
Light absorption was monitored using photoacoustic spectrometers at four different
wavelengths: 355, 405, 532, and 870 nm. Significant light absorption at 355 and 405 nm was
observed for the SOA formed from α-pinene +O3 +NO3 system only in the presence of
highly acidic sulfate seed aerosols under dry conditions. In contrast, no absorption was
observed when the relative humidity was elevated to greater than 27% or in the presence of
neutral sulfate seed aerosols. Organic nitrates in the SOA formed in the presence of neutral
sulfate seed aerosols were found to be nonabsorbing, while the light-absorbing compounds
are speculated to be aldol condensation oligomers with nitroxy organosulfate groups that are
formed in highly acidic sulfate aerosols. Overall, these results suggest that dark α-pinene +O3

and α-pinene +NOx+O3 systems do not form light-absorbing SOA under typical
atmospheric conditions.
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1. Introduction

[2] Atmospheric aerosols modify the Earth’s climate
directly by scattering and absorbing solar radiation and indi-
rectly by serving as cloud condensation nuclei and ice nuclei.
The indirect effect and aerosol light scattering have a negative
net radiative forcing contribution, while aerosol light absorption
exerts a positive top-of-atmospheric radiative forcing through
heating the absorbing aerosol layers and their surroundings. A
complete understanding of the influence of atmospheric
aerosols on global climate is still lacking due to significant
uncertainties associated with the direct and indirect aerosol
radiative properties of various aerosols [Forster et al., 2007].

[3] Among the light-absorbing aerosols in the atmosphere,
black carbon (BC) has received the most attention by re-
searchers, mainly due to its strong absorption throughout
the entire solar spectrum. Primarily formed from pyrolysis
of fossil fuel and biomass burning, BC exerts a strong radia-
tive forcing. Another class of light-absorbing carbonaceous
aerosols, known as brown carbon (BrC), has received
increasing interest recently [Adachi and Buseck, 2011;
Alexander et al., 2008; Andreae and Gelencser, 2006;
Jacobson, 2012; Lack et al., 2012]. Light absorption by
BrC becomes stronger toward shorter visible and ultraviolet
(UV) wavelengths, which gives BrC a brownish (or yellow-
ish) appearance and hence its name. Because the origin,
chemical compositions, and optical properties of BrC are still
uncertain, the radiative forcing by BrC currently remains
unclear as well. Several studies have linked BrC aerosols to
water soluble organic components (WSOC) and humic-like
substances [Bergstrom et al., 2007; Dinar et al., 2008;
Graber and Rudich, 2006; Kirchstetter et al., 2004; Lack
et al., 2012; Zhang et al., 2011] and have observed BrC in bio-
mass burning particulate emissions [Chakrabarty et al., 2010;
Gyawali et al., 2009; Kirchstetter and Thatcher, 2012; Lack
et al., 2012; Lewis et al., 2008; Marley et al., 2009].
[4] One of the possible sources and formation pathways for

BrC is secondary organic aerosol (SOA) and aging of SOA.
Jacobson [1999] estimated that aerosols containing nitrated
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aromatic compounds and other organic compounds such as
benzaldehydes, benzoic acids, aromatic polycarboxylic acids,
phenols, and polycyclic aromatic hydrocarbons reduced the
UV radiation by up to 25% within the boundary layer in Los
Angeles, California. Chow et al. [2009] observed increasing
light absorption toward shorter wavelengths during afternoon
hours at the Fresno Supersite when locally formed SOA
dominated the total aerosol carbon mass. Hecobian et al.
[2010] showed that BrC from secondary processes dominated
the light absorption component in WSOC collected from
Southeastern United States region during summer time.
These water soluble BrC were postulated to be high molecular
weight organic compounds formed through aqueous phase
processing of condensed SOAs. During the 2010 CalNex
campaign, Zhang et al. [2011] identified nitrated aromatics
as a source of BrC in SOA associated with fresh anthropo-
genic emission from Los Angeles, California. Recent labora-
tory efforts have begun to explore the formation of SOA
containing BrC. Glyoxal, a common atmospheric oxidation
product as well as a possible source of SOA [Volkamer
et al., 2006; Volkamer et al., 2007], displays strong light ab-
sorptions in aqueous ammonium sulfate, ammonium nitrate,
methylamine, or glycine solutions [De Haan et al., 2011; De
Haan et al., 2009; Galloway et al., 2009; Kampf et al.,
2012; Sareen et al., 2010; Schwier et al., 2010; Shapiro
et al., 2009; Yu et al., 2011]. Colorless limonene SOA turned
orange after exposure to ammonium ion or amino acids
[Bones et al., 2010]. The BrC chromophores in these labora-
tory studies were postulated to be compounds containing
C-N bonds. In addition, significant light absorption was ob-
served at 355 nm by SOA from the photooxidation of toluene
in the presence of NOx [Nakayama et al., 2010]. Nitrated
aromatic compounds were postulated to explain measured
light absorption at 465 nm by SOA produced from the photo-
oxidation of 1,2,4-trimethylbenzene under high NOx condi-
tions [Liu et al., 2012]. More recently, Lambe et al. [2013]
found that light absorption by SOA formed from the OH
oxidation of α-pinene, tricyclo[5.2.1.02,6]decane, naphthalene,
and guaiacol increases with O/C ratio and is strongly
wavelength-dependent. Given the results of these field and
laboratory studies, light absorption by SOA seems to be
nonnegligible to direct radiative forcing, though the effect on
climate change remains unclear. In some climate models, or-
ganic carbon is treated as nonabsorbing material and only its
cooling effect is considered while other models assume a non-
zero imaginary refractive index, most commonly about 0.006
[Kinne et al., 2003]. Thus, the real uncertainty associated with
aerosol direct radiative forcing may be larger than estimated
by the Intergovernmental Panel on Climate Change due to the
neglect of the warming effect from BrC [Bahadur et al., 2012].
[5] This study focuses on measuring light absorption by

laboratory-generated SOA from α-pinene using photoacoustic
spectrometers. α-Pinene, comprising up to 25% of monoter-
pene emissions on the global scale [Kanakidou et al., 2005],
is a major source of SOA via its reactions with O3, OH,
and NO3 radicals. A large suite of oxygenated products
are produced from these reactions including aldehydes,
oxy-aldehydes, carboxylic acids, oxy-carboxylic acids, hydroxy-
carboxylic acids, and dicarboxylic acids [Yu et al., 1999].
Organic nitrates from NO3 oxidation of isoprene and monoter-
penes have been suggested to be an important biogenic SOA
source at night [Fry et al., 2009; Ng et al., 2008; Spittler et al.,

2006]. Only a few studies have measured the light absorption by
α-pinene SOA. While light absorption by SOA from NO3

oxidation of α-pinene has not been reported, SOAs formed from
α-pinene ozonolysis and OH oxidation were found to have negli-
gible [Nakayama et al., 2010] and very weak [Lambe et al., 2013]
absorption at visible wavelengths. However, the chemical compo-
sition of α-pinene SOA strongly depends on specific conditions
such as acidity of seed particles, concentration of precursors, and
the oxidants [Jang et al., 2002; Presto et al., 2005; Shilling
et al., 2008; Surratt et al., 2007]; the optical properties of α-pinene
SOA may also vary along with its composition. Moreover, it
has been speculated that addition of a nitrate group to carbonyl
compounds, such as carboxylic or dicarboxylic acids, would
increase the UV absorption capabilities of these compounds
[Jacobson, 1999], which makes organic nitrates from α-pinene
SOA a possible source for BrC. Here we investigate the
light absorption by SOA from ozonolysis and NO3 oxidation
of α-pinene under dry and moderate relative humidities in
the presence or absence of neutral and acidic inorganic
seed aerosols. SOA formed from NO3 oxidation of biogenic
volatile organic compounds in the presence of acidic sulfate
seed aerosol would be particularly relevant to nocturnal
power plant plumes in which secondary organic nitrate and
organosulfate aerosols have been found to form [Zaveri
et al., 2010].

2. Experimental

[6] Experiments were performed in the indoor 8 m3 Teflon
reactor at Pacific Northwest National Laboratory (PNNL).
Before each experiment, the Teflon reactor was flushed con-
tinuously with dry purified air until particle concentrations
were less than 5 cm�3 and the concentrations of volatile
organic compounds (VOC) were similar to those measured
directly in purified air. Temperature and relative humidity
(RH) were monitored by a Vaisala HMP45A/D humidity
and temperature probe. O3, NO, and NOx are continuously
measured using Thermal Environmental Instruments Model
49C O3 analyzer and Model 42C NOx analyzer.
[7] Seed particles were introduced into the Teflon reactor

to act as substrates onto which the gas-phase semi-volatile
products condense. Seed particles were generated by atomiz-
ing aqueous solutions with a BGI Collision Nebulizer. Two
diffusion dryers (TSI model 3062) connected in series were
used to reduce the RH in the aerosol steam. The neutral seed
consisted of 15 mM MgSO4 (Sigma-Aldrich), and the acidic
seed contained a mixture of 30 mM MgSO4 and 50 mM
H2SO4. The seed aerosols had a geometric mean diameter
of 50 nm (neutral seed) or 74 nm (acidic seed). The initial
volume concentrations of the seed aerosols varied from about
15 to 45 μm3 cm�3. After the introduction of seed aerosols,
known volumes of α-pinene (Aldrich, 98%) and cyclohexane
(Aldrich, 99%; to scavenge the OH radicals formed from
α-pinene ozonolysis) were injected into a glass bulb and then
transferred into the Teflon reactor via a gently warmed puri-
fied air stream. The mixing ratios of the hydrocarbons were
continuously monitored with a Proton Transfer Reaction
Mass Spectrometer (Ionicon Analytik).
[8] In α-pinene ozonolysis experiments, O3 was generated

by passing a flow (1 L min�1) of pure dry air through an
ultraviolet lamp (Jelight Model 1000) and into the Teflon
reactor after the injection of seed particles. The initial
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concentration of O3 was at least three times that of α-pinene,
so that enough α-pinene could be consumed at the end of
each experiment (~3 h) to produce a significant amount
of SOA.
[9] In α-pinene +NOx+O3 experiments, NO from a 500

ppm gas cylinder (Scott Marrin, Inc.) was first added to the
Teflon reactor at 2 L min�1 for ~2 min after the injection of
seed particles. The initial concentration of NO was approxi-
mately 130 ppbv. A constant flow (1 L min�1) of O3 was then
introduced into the Teflon reactor until most of the NO was
converted first to NO2. About 60–75 ppbv α-pinene was
then injected into the chamber, followed by an addition of
another ~40 ppbv of O3 to sustain the production of NO3.
Cyclohexane was not added to scavenge the OH radicals
formed in these experiments. A box model calculation was
carried out using the Carbon Bond Mechanism, version Z
(CBM-Z; Zaveri and Peters, 1999) to simulate the loss of α-
pinene as a function of time due to reactions with O3, NO3,
and OH. A yield of 0.85 for OH radicals from α-pinene +O3

reaction was implemented in the model [Atkinson et al.,
1992]. The calculated relative contributions by O3, OH, and
NO3 to the overall loss of α-pinene during the first 30 min of
the experiment were about 40%, 25%, and 35%, respectively.
[10] Particle size distribution and number concentration

were determined using a Scanning Mobility Particle Sizer
(SMPS, TSI 3696 Series). Particle mass and composition were
observed using a Time-of-Flight Aerosol Mass Spectrometer
(AMS; Aerodyne Research Inc.). Particle light absorption
and scattering were monitored using photoacoustic spectrom-
eters (PAS) at four different wavelengths: 355, 405, 532, and
870 nm. The PAS, which directly measures light absorption
by suspended particles, has a large dynamic range for aerosol
optical measurements and is free from filter artifacts. The
detailed working mechanism, measurement accuracy, evalua-
tion, and calibration of PAS have been described elsewhere
[Arnott et al., 1999; Arnott et al., 2003; Moosmuller et al.,
1997]. NO2 was scrubbed from the airstream by a denuder up-
stream of the resonator to eliminate its potential interference in
measuring light absorption by aerosols. The denuder was
constructed using a ground-glass channel annular denuder that
was coated with activated MnO2 as described by Adams
et al. [1986].

3. Results and Discussions

[11] Table 1 shows the initial conditions and summary sta-
tistics for eight experiments. Wall-loss corrections were not
applied to the measured SOA mass concentrations so that
they can be directly compared with the measured optical

properties. However, based on the VOC and O3 concentra-
tions used, the wall-loss corrected SOA yields of α-pinene
ozonolysis experiments in this study would be comparable
to those from high mass loading experiments in other studies
for which more detailed chemical analysis is available
[Shilling et al., 2009]. Three different types of experiments
were conducted: unseeded experiments and seeded experi-
ments using neutral and acidic aerosols. Experiments with
elevated RH were only carried out for α-pinene +NOx +O3

in the presence of acidic seeds. Light absorption was quanti-
fied in terms of mass absorption coefficient (MAC) that was

Table 1. Experimental Conditions

Experiment T (°C) RH (%) Seed Aerosol Initial O3 (ppb) Initial NO/NOx (ppb) NO/NOx After Adding O3 (ppb) Initial α-Pinene (ppb)

1 27.7 2 n/a 144.1 n/a n/a 75.0
2 27.3 2 n/a n/a 130.1/ 132.2 3.5 /125.5 69.7
3 27.0 2 MSa 180.0 n/a n/a 74.4
4 27.2 2 MS+SAb 164.7 n/a n/a 65.1
5 26.0 2 MS n/a 133.4/134.5 3.5/128.5 64.1
6 27.1 2 MS+SA n/a 134.6/135.6 4.0/136.0 60.0
7 26.7 27 MS+SA n/a 122.1/125.0 4.0/119.5 60.3
8 26.8 60 MS+SA n/a 124.4/127.0 4.5/122.5 58.7

aMS is magnesium sulfate.
bSA is sulfuric acid.
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Figure 1. (a and b) Time-dependent SOA mass concentra-
tions, α-pinene concentrations, and MAC values of α-pinene
SOA generated in the absence of seed aerosols. The shaded
areas are errors computed on the basis of propagation of
errors in the Babs and CSOA measurements.
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calculated from the light absorbance (Babs, Mm�1) measured
by PAS divided by the secondary organic aerosol mass con-
centrations (CSOA, μg/m3):

MAC λð Þ ¼ Babs λð Þ
CSOA

(1)

[12] In unseeded experiments (Experiments 1 and 2), CSOA

was obtained by multiplying the particle volume growth
(measured by SMPS) by an assumed density of SOA. A den-
sity of 1.23 g cm�3 was employed for SOA from ozonolysis
[Song et al., 2007], while a density of 1.60 g cm�3 was
employed for SOA from NO3 oxidation [Fry et al., 2009]. In
seeded experiments (all experiments except for Experiments
1 and 2), CSOA was directly measured by AMS.

3.1. Light Absorption by α-Pinene SOA From
Homogenous Nucleation

[13] Of the four wavelengths of the PAS used in this study,
the measurements at 355 and 405 nm have higher fluctua-
tions than at 532 and 870 nm because the lasers for the former
pair were operated at much lower powers (20 mW and 60
mW, respectively) than the latter (200 mW and 500 mW,
respectively). This, coupled with small amounts of SOA
formed at the beginning of the experiments followed by rapid
growth, resulted in unrealistically large MAC values (>10
m2 g�1) for 355 and 405 nm wavelengths in the initial pe-
riods. In the following discussion, we shall therefore present
the MAC data only for the subsequent periods in which the
SOA mass concentrations in the chamber were relatively sta-
ble. Figure 1a shows temporal evolution of SOA mass from

α-pinene ozonolysis in the absence of seed aerosols
(Experiment 1) and the MAC values at all four wavelengths
for this SOA after its concentration was relatively stable in
the chamber. Insignificant amounts of absorption were ob-
served at all four wavelengths, consistent with previous stud-
ies [Nakayama et al., 2010; Schnaiter et al., 2003]. The
evolution of SOA formed from α-pinene +NOx +O3 in the
absence of seed aerosols (Experiment 2) and the associated
MAC values are displayed in Figure 1b. Note that light
absorption at 532 nm was not measured in this experiment.
Similar to Experiment 1, no light absorption was observed,
indicating that organic nitrates produced from α-pinene and
NO3 reaction do not absorb light efficiently at the measured
wavelengths. We shall come back to this point in the
next section.

3.2. Effect of Seed Aerosols on Light Absorption by
α-Pinene SOA

[14] Although pure α-pinene SOA from homogeneous nu-
cleation is nonabsorbing, its chemical composition has been
shown to vary under different experimental conditions, such
as aerosol mass loading, acidity of seed particles, concentra-
tion of precursors, and the oxidants [Jang et al., 2002; Presto
et al., 2005; Shilling et al., 2008; Surratt et al., 2007], which
can potentially modify its optical properties. In Figures 2a
and 2b, we compare the MAC values at 355 and 405 nm
for SOA formed from α-pinene ozonolysis in the presence
of neutral seed and acidic seed. Light absorption at 532 and
870 nm was not observed for all experiments in the present
study and therefore not shown in this and the subsequent fig-
ures. Similar to the no-seed experiments, SOA generated
from α-pinene ozonolysis in the presence of neutral seed

Figure 2. Time-dependent MAC values of SOA generated from (a and b) dark α-pinene ozonolysis and
(c and d) dark α-pinene+NOx+O3 system in the presence of neutral and acidic seed aerosols under dry con-
ditions. Note that the scales of Y-axes in Figures 2c and 2d are five times that of Figures 2a and 2b. The shaded
areas are errors computed on the basis of propagation of errors in the Babs and CSOA measurements.

SONG ET AL.: LIGHT ABSORPTION BY SOA

11,744



aerosol (Experiment 3) did not absorb light at both 355 and
405 nm. In contrast, a modest amount of light absorption
was observed at both wavelengths in the presence of acidic
seed (Experiment 4). Figures 2c and 2d compare the MACs
for SOA from α-pinene +NOx +O3 in the presence of neutral
seed (Experiment 5) and acidic seed (Experiment 6). Again,
no light absorption was detected when neutral seed was used,
but a significant amount of light absorption was seen in the
presence of acidic seed. The average values of MACs shown
in Figure 2 were 1.12 (at 355 nm) and 0.80 m2 g�1 (at 405
nm) for O3 +NO3 oxidation in the presence of acidic seed
while the values were relatively small at 0.24 (at 355 nm)
and 0.15 m2 g�1 (at 405 nm) for O3 oxidation in the presence
of acidic seed.
[15] Asmentioned earlier, one of our objectives is to examine

whether organic nitrates in SOA from α-pinene+NO3+O3 sys-
tem are the source of BrC. Figure 3 shows the average AMS
mass spectrum of the SOA generated from this system in the
presence of neutral seed aerosol (Experiment 5). Aerosol-
phase nitrates (NO3

�) measured by AMS accounted for
10.5% of the total aerosol mass. The NO+ to NO2

+ ratio (m/z
30:m/z 46) was 9.13 which was dramatically higher than the
ratio for NH4NO3 (2.4), but similar to the ratio for organic
nitrate molecules (5 to 11) reported previously [Bruns et al.,
2010; Fry et al., 2009]. Fragments NO+ and NO2

+ might also
come from aerosol-phase nitric acid. During this experiment,
the maximum nitric acid concentration in the chamber is
estimated to be 0.0004 Pa, which is well below its saturation
vapor pressure of 8000 Pa [Duisman and Stern, 1969],
suggesting that nitric acid was too volatile to partition into
the dry particle phase. Since the aerosol-phase ammonium
only existed in a negligible amount based on AMS measure-
ment, and nitric acid was excluded in the particle phase, the
measured aerosol-phase nitrate was likely in the form of
organic nitrates. Using atmospheric pressure chemical ioniza-
tion mass spectrometry, Perraud et al. [2010] identified
five different organic nitrate species in SOA formed from
α-pinene +NO3 reaction, including nitrated carbonyls and
peroxyacyl nitrates. Fry et al. [2009] estimated organic ni-
trates constitute 32 to 41% of the total SOA mass produced
from β-pinene +NO3 reaction. The aerosol-phase nitrate
shown in Figure 3 is consistent with these studies, demonstrat-
ing that organic nitrates are important constituents in the SOA
from NO3 oxidation of α-pinene. The lack of light absorption

by SOA observed during α-pinene+NOx+O3 in the absence
of acidic seed aerosols (Figures 1b, 2c and 2d) indicated that
organic nitrates generated from α-pinene SOA are not light-
absorbing compounds. Although the substitution of a nitrate
group onto a benzene ring enables nitrated aromatics to exhibit
strong absorption at UV or near-UV wavelengths [Jacobson,
1999; Liu et al., 2012], the incorporation of a nitrate group
to the carbonyls or carboxylic acids from α-pinene oxidation
does not seem to change the light-absorbing properties of
these compounds.
[16] According to Figure 2, it is clear that acidic sulfate

seed aerosol plays a key role in producing light-absorbing
compounds. The presence of acidic sulfate seed aerosols
could increase the yield of α-pinene ozonolysis SOA through
the formation of high molecular weight oligomers [Gao
et al., 2004; Iinuma et al., 2004; Tolocka et al., 2004].
Oligomers were found to account for a nonnegligible fraction
of α-pinene ozonolysis SOA even in the absence of acidic
inorganic seed aerosols [Gao et al., 2004; Hall and
Johnston, 2011]; organic acids produced from the oxidation
of α-pinene itself may be sufficient to promote acid-catalyzed
oligomer formation [Gao et al., 2004]. As the acidity of seed
aerosols increases, the mass fraction of higher molecular
weight oligomers is significantly increased while smaller
oligomers experience just slight changes in both pattern and
ion intensity; some large oligomers are only detected in the
presence of acidic inorganic seeds [Gao et al., 2004].
Previous studies [Garland et al., 2006; Noziere and Esteve,
2005, 2007] showed that light-absorbing oligomers could
be formed through aldol condensation reactions of carbonyl
compounds when the reactions are catalyzed by concentrated
H2SO4. The aldol condensation products generated in the
above studies have strong light absorption bands between
300 and 400 nm, similar to the absorption spectra observed
in this study. Considering a large fraction of the compounds
in α-pinene ozonolysis SOA are carbonyls [Yu et al., 1999], it
is possible that the light-absorbing compounds formed in our
acidic seed experiments are oligomers from acid-catalyzed
aldol condensation reactions.
[17] Light-absorbing aldol condensation oligomers may

not be the only reason for the enhancements of light absorp-
tion observed in Figure 2. Acidic sulfate seed aerosols could
also promote the formation of organosulfates in α-pinene
SOA. Surratt et al. [2008] have detected organosulfates in
SOA generated from NO3 radical initiated oxidation of
α-pinene in the presence of acidic sulfate seed aerosol.
Iinuma et al. [2007a] have identified organosulfates in labora-
tory-generated SOA from β-pinene ozonolysis in the presence
of acidic sulfate seed aerosols and in monoterpene SOA sam-
pled at a forest site. Organosulfates have also been identified
from limonene ozonolysis SOA under acidic conditions
[Iinuma et al., 2007b]. A recent study [Nguyen et al., 2012]
demonstrated that evaporation of limonene ozonolysis SOA
and H2SO4 solution produced red-brown residues when the
pH value of the solution was smaller than 2. The light absorp-
tion peak of the residues was around 400 nm, with a sharp
decrease in the absorption spectra when the wavelength was
greater than 410 nm. Although the absorption spectra observed
in this study do not exactly match that produced by limonene
ozonolysis SOA and H2SO4 in Nguyen et al.’s work, the wave-
length range (350–450 nm) over which absorption occurs is the
same. More interestingly, evaporation of limonene ozonolysis
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SOA solution acidified by other nonsulfur-containing acids
(HNO3 and H3PO4) did not result in visible color change and
absorption bands at UV and near-UV spectral regions, indicat-
ing that the light-absorbing residues are sulfate-containing
organic compounds. It also indicates that aldol condensation
oligomers alone could not explain the changes of optical
properties. High resolution mass spectrometry analysis re-
vealed that the light-absorbing compounds contain significant
amount of organosulfates. While an organosulfate group is
not chromophoric by itself, adding a sulfate group to a light-
absorbing molecule may change its optical properties signifi-
cantly [Nguyen et al., 2012]. During our dry acidic seed
experiments, the pH of the acidic seed was estimated to be
less than�1.0 using the online aerosol thermodynamics model
Extended Aerosol Inorganics Model (E-AIM) [Clegg et al.,
1998; Wexler and Clegg, 2002] based on sodium-equivalent
concentrations of magnesium. The condensation of α-pinene
oxidation products onto the acidic seed is analogous to the
process of evaporating the limonene ozonolysis SOA and
H2SO4 solution in Nguyen et al.’s study. It is thus reasonable
to assume that the light-absorbing compounds shown in
Figure 2 are aldol condensation oligomers that incorporate
an organosulfate group.
[18] However, the sulfate-containing oligomers alone can-

not explain the substantially enhanced light absorption by
SOA formed in α-pinene +NOx +O3 system compared to
that from α-pinene ozonolysis, both in the presence of acidic

seed aerosols. One of the possible compounds that could be
responsible for the increased light absorption is nitrooxy
organosulfate, a compound that can be produced during NO3

oxidation but not from ozonolysis. Nitrooxy organosulfates
have been detected in ambient monoterpene SOA produced
from NO3 initiated oxidation [Iinuma et al., 2007a], and
Surratt et al. [2008] also confirmed the formation of aerosol-
phase nitrooxy organosulfates from α-pinene and NO3 reac-
tion under acidic conditions. Although we have shown earlier
that organic nitrates in α-pinene SOA formed under atmo-
spheric conditions are not light-absorbing compounds, incor-
poration of a nitrate group to the sulfate-containing aldol
condensation oligomers may dramatically increase its ability
to absorb light at the UV and near-UV wavelengths. In the ab-
sence of a direct observation, we tentatively conclude here that
aldol condensation oligomers with nitrate and sulfate groups
have much stronger absorption at UV and near-UV spectral re-
gions than those with just an organosulfate group.

3.3. Effect of Relative Humidity on Light Absorption by
α-Pinene SOA

[19] Effect of RH on the production of light-absorbing com-
pounds was examined in two experiments. Figure 4 shows the
MACs of SOA produced from α-pinene +NOx+O3 in the
presence of acidic aerosol at 27% (Experiment 7) and 60%
(Experiment 8) RH. The MAC of NO3 oxidized α-pinene
SOA formed under dry condition is also included for
reference. Light absorption at 355 (Figure 4a) and 405 nm
(Figure 4b) is not observed at both elevated RH, consistent
with the observation from Nguyen et al.’s study in which
limonene SOA and H2SO4 solution cannot generate light-
absorbing compounds without evaporating water [Nguyen
et al., 2012]. In Nguyen et al.’s experiments, a sudden change
in color of the SOA+H2SO4 solution was triggered when the
solution was dried to an equivalent of RH ~20%. The removal
of water during evaporation increased the acidity as well as
the concentrations of H2SO4 and SOA in the solution,
which could accelerate the formation of aldol oligomers
and organosulfates through shifting the equilibrium of con-
densed-phase acid-catalyzed aldol reaction or esterification.
In our humidified experiments, we estimated that H2SO4 and
water accounted for 39.5% and 31.4% of the initial seed aero-
sol mass, respectively, at 27%RH. For comparison, the weight
percentage of H2SO4 seed in the dry seed experiments is
57.6%. It has been shown that aldol condensation reaction of
carbonyl compounds is sensitive to the initial concentrations
of H2SO4 in the seed aerosol; aldol condensation products
can only be produced in highly concentrated H2SO4 solutions
[Garland et al., 2006]. It is unclear whether formation of
organosulfates and nitrooxy organosulfates is dependent upon
either the sulfate aerosol mass concentration or acidity [Surratt
et al., 2008]. In the absence of detailed composition analysis,
we cannot comment on which compounds were suppressed
in the presence of aerosol-phase water.

4. Summary and Conclusions

[20] Light absorption of SOA formed from α-pinene oxida-
tion was directly measured for the first time in an environ-
mental chamber using photoacoustic spectrometers (PAS).
Oxidation experiments were systematically carried out with
O3 only and O3 +NOx, in the presence and absence of neutral
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Figure 4. (a and b) Time-dependent MAC values of SOA
generated from α-pinene +NOx +O3 in the presence of acidic
seed aerosols at different RH. The shaded areas are errors
computed on the basis of propagation of errors in the Babs
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and acidic seed aerosols, and under dry and moderate relative
humidities. No light absorption was found for SOA formed
from ozonolysis of α-pinene in the absence of acidic seed
aerosols, consistent with the findings of Nakayama et al.
[2010]. SOA formed from α-pinene +NOx +O3 in the
absence of acidic seed aerosol also did not absorb light,
indicating that nitrated carbonyls formed during oxidation
of α-pinene are not effective chromophores. A modest
amount of absorption was observed at 355 and 405 nm wave-
lengths for SOA formed from ozonolysis of α-pinene in the
presence of acidic sulfate seed under dry conditions. In con-
trast, strong light absorption at these wavelengths was found
when SOA was formed from α-pinene +NOx +O3 in the
presence of acidic sulfate seed aerosols under dry conditions.
While detailed characterizations of aerosol composition were
not performed, aldol condensation oligomers that incorporate
both organosulfate and organic nitrate groups are suspected
to be responsible for the observed light absorption. No light
absorption was seen for similar experiments under moder-
ately humidified conditions (RH> 27%), suggesting that for-
mation of light-absorbing compounds in SOA was likely
inhibited or considerably slowed down due to relatively
higher pH in the presence of aerosol-phase water, which
affected the acid-catalyzed reaction or esterification.
Ambient scenarios relevant to our results include oxidation
of α-pinene (and possibly other biogenic VOCs) in polluted
air under dry and hot conditions where aerosols are highly
acidic [Pathak et al., 2004, 2009] or evaporation of rain
and cloud/fog drops as suggested by Nguyen et al. [2012].
[21] The average MAC values for SOA measured in this

study ranged from 0.24 to 1.12 m2 g�1 at 355 nm and 0.15 to
0.80 m2 g�1 at 405 nm, which are comparable to the published
MAC values for BrC from biomass burning (0.71 to 3.2 m2 g�1

at ~355 nm and 0.82 to 2.9 m2 g�1 at ~400 nm) [Cheng et al.,
2011; Favez et al., 2009; Lack et al., 2012; Yang et al., 2009].
Similar laboratory studies for other SOA precursors are needed
to further explore the sources and conditions in which BrCmay
form in the ambient atmosphere.
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